Background/Aims: Both physiologic remodeling and pathologic regeneration of cartilage tissue rely upon chondrocyte functions and are benefited from factors that promote viability and inhibit apoptosis of the cell, and associated mechanisms. High level of reactive oxygen species (ROS) and proinflammatory cytokines activate apoptosis signaling and initiate cell death, which can be attenuated by antioxidants. This study examined the effect of catalase (CAT) on ROS and tumor necrosis factor-α (TNF-α)-induced apoptosis in human C28/I2 chondrocytes cultured in monolayer. Methods: Chondrocytes were treated with diluted CAT in the presence or absence of TNF-α and compared to untreated cells. Levels of hydrogen peroxide (H 2 O 2 ) and mitochondrial membrane potential (Δψ m ) were measured using fluorescent labeling, cell apoptosis was assayed by flow cytometry using Annexin V/propidium iodide (PI) staining, gene expression was detected by quantitative real time polymerase chain reaction (qRT-PCR) and the proteins were investigated by Western blotting. Results: CAT effectively reduced the intracellular ROS caused by the monolayer culture system, enhanced the Δψ m depending on the presence of TNF-α and promoted morphological features at sub-cellular level. CAT also attenuated the TNF-α-upregulated expression of factors/mediators of extrinsic cell death cascade and apoptotic caspases, ultimately resulted in promoted cellular viability. Conclusion:
Introduction
The capacity of physiologic remodeling and pathologic repairing by regeneration in cartilage is low due to the low cellularity [1] and the only resident cells, the chondrocytes, are embedded and separated themselves in the extracellular matrix (ECM) [2, 3] and retained in senescent state [4, 5] until stimulated. The active chondrocytes sense the stimulatory signals in milieu through their interaction with ECM and respond by cellular secretions to govern the biological processes of physiologic remodeling and reparative regeneration in pathologic conditions, such as osteoarthritis (OA) [5, 6] . Promoting chondrocyte function by increasing its number in cartilage tissue seems out of the question, but can be achieved by maintaining their activity and reducing apoptosis, while both the large number and improved viability of chondrocytes in culture can be attained essentially useful for cell-based clinical treatments [7] and therapies, such as autologous chondrocyte implantation (ACI) [8] [9] [10] . Bio-factors that regulate chondrocyte activity, including retaining/promoting viability and reducing/ inhibiting apoptosis, would be important agents for achieving functional cells.
The loss of ECM in damaged cartilage initiates chondrocytic secretion of new proteins for repair causing unbalanced cartilage homeostasis [11] and elevated levels of inflammatory cytokines [12, 13] , resulting in progressive tissue degeneration. The affected cells produce cytokines, such as interleukin-1β (IL-1β), interleukin-6 (IL-6) and TNF-α [12, 14] , to promote catabolism [13] . The key inflammatory cytokine TNF-α and IL-1β coexist in the process of inflammation and pathogenesis in OA [12] , the presence of TNF-α in cells, which is also stimulated by IL-1β [15] , initiates inflammation and apoptosis by association with the TNF receptor (TNFR) on cell surface [16] , leading to the formation of death inducing signaling complex (DISC). DISC recruits the TNF receptor-associated dead domain (TRADD), Fasassociated dead domain protein (FADD) to initiate the death signaling, which triggers the activation of apoptotic enzymes of caspase-8 (Cas-8) and caspase 3 (Cas-3) [17] . Significantly activated Cas-8 directly activates Cas-3 to introduce apoptosis (the extrinsic route) rather than amplifying Cas-3 activation mediated by low levels of activated Cas-8 via mitochondria (the intrinsic route) [18] .
The excessive ROS damage the cell membrane, nucleic acids and mitochondria, and cause further inflammation and cell death through the TNFR-bridged ROS-TNF crosstalk [19] . The mitochondrion senses the redox imbalance [20] , and vulnerable to damages that decrease the cell viability and generate apoptosis. The unstable superoxide stimulated by both endogenous and exogenous oxidative stresses [21] are readily converted by superoxide dismutase (SOD) to more stable form of hydrogen peroxide (H 2 O 2 ) and surrendered to further removal by antioxidant scavengers, such as CAT and glutathione peroxidase, which convert H 2 O 2 to H 2 O [22, 23] . However, the highly permeable H 2 O 2 can easily accumulate within both the mitochondrial matrix and cytosol and cause many diseases [24, 25] . High levels of intracellular H 2 O 2 are ascribed to toxic DNA double-strand breaks in human alveolar epithelial cells (AECs) [26] and mitochondrial DNA damage in AECs of transgenic mice [27] , both result in apoptosis and attenuated by CAT. The antioxidant defensing effect of CAT against lung fibrosis by reducing ROS and maintaining redox homeostasis is of evidence in a wide range of organisms [28] . It is of great interest to elucidate the effect of CAT on the intracellular level of ROS and apoptosis caused by TNF-α treatment in chondrocytes relevant to therapies for cartilage regeneration.
In the present study, the effects of CAT on its substrate of intracellular H 2 O 2 and apoptosis was investigated using the immortalized human chondrocyte cell line C28/I2 cells treated with TNF-α in monolayer culture. The cultured C28/I2 chondrocytes showed that CAT can effectively reduce the intracellular ROS caused by the monolayer culture system, counteract the negative effects of TNF-α on cultured chondrocytes to enhance the mitochondrial membrane potential (Δψ m ) depending on the presence of TNF-α, improve morphological features at sub-cellular level, attenuate upregulated factors/mediators of extrinsic cell death cascade and apoptotic caspases, and collectively reduced cell apoptosis. These results affirm the anti-apoptotic effect of CAT in chondrocytes through scavenging ROS and suppressing TNF-α-induced cell apoptosis mediated by death cascade, which potentiates CAT as a complementary therapeutic agent beneficial to approaches of cartilage remodeling and regeneration in vivo, and cartilage repairs by cell-based therapies requiring large number of viable cells expanded ex vivo.
Materials and Methods

C28/I2 chondrocytes cultured in monolayer
The immortalized chondrocyte cell line, C28/I2, a kind gift to Guangzhou Institute of Traumatic Surgery from Professor Jiake Xu of the University of Western Australia, originally obtained from cells isolated from cartilage and transduced with simian virus 40 containing T-antigen [29] , was employed in this study. The frozen cells were revived by thawing in a 37 o C water bath and then cultured in DMEM-F12 medium (113300032, Gibco/Life Technology, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS) (10099141, Gibco/Life Technology) and 1% penicillin/streptomycin (15140-122, Gibco/Life Technology) at 37 o C and 5% CO 2 till 80% confluence with the medium changed every second day in the Forma STERI-CYCLE CO 2 Incubator (8000DH (3543), Thermo Scientific, Marietta, OH, USA). The cells were washed with 1 X phosphate buffered saline (PBS) and treated with 0.02% EDTA before harvested by trypsin (GNM11900, Gibco/Life Technology) digestion at 37 o C for 2-3 min. The cells were claimed by centrifugation and resuspended in DMEM-F12 medium supplemented with 10% FBS and 1% penicillin/streptomycin followed by incubation for cell propagation.
Effects of CAT on cell viability of C28/I2 chondrocytes in culture C28/I2 cells were cultured at 37 o C and 5% CO 2 till 80% confluence and then allocated in a 96-well plate (167008, Nunclon TM Delta Surface, Thermo Scientific, Suzhou, Jiangsu, China) at about 4 X 10 3 cells/well in DMEM-F12 medium containing 10% FBS and 1% penicillin/streptomycin. The cells were treated with a series diluted catalase (S0082, Beyotime Biotechnology, Haimen, Jiangsu, China) with final concentrations of 2400, 2000, 1600, 1200, 800, 400, 200, 100 and 0 U/ml (equivalent volume of 1 X PBS added as control) in culture. The treatments of cells were set in 3 replicates and cultured at 37 o C with 5% CO 2 supplied in the incubator for 24 h. Viability of those cells were analyzed by MTS using CellTiter 96 ® AQueous One Solution Cell Proliferation Assay as instructed by the manufacturer (Promega, Madison, WI, USA), in which the MTS tetrazolium compound is bioreduced by metabolically active cells into a colored soluble formazan product in culture medium and measurable by absorbance at 490 nm with a 96-well plate reader. These chondrocytes in 100 µl were mixed with 20 µl of MTS reagent followed by a further culture for 4 h before analyzed using GloMax Multi+ Detection System (Promega) by measuring their absorbance values (A value). The differences of A values were examined using SSPS 22 for statistical significance. ) and further incubated for 6 h in the same conditions. Cells in each well were mixed with 100 µl of ROS-Glo TM Detection Solution and kept in the dark at room temperature for 10 min before the luminescence was recorded using a GloMax ® Multi Detection System (Promega).
Establishment of TNF-α-induced apoptotic model of C28/I2 chondrocytes
Detection of mitochondrial membrane potential (Δψ m )
The Δψ m maintains an electrochemical gradient across the mitochondrial membrane, which collapses in the process of cell death. The changes of Δψ m were detected using the Mitochondrial membrane potential assay kit with JC-1 (Beyotime) staining. The unique cationic dye, JC-1 (5, 5,6, 6-tetrachloro-1, 1,3, 3 tetraethylbenzimidazolylcarbocyanine iodide) is a membrane potential-sensitive probe that forms aggregates in the mitochondria with higher membrane potential showing fluorescent red at 590 nm. With collapsed Δψ m , monomers of the JC-1 remain in the cytosol of cells and emit a fluorescent green at 530 nm. The intensity of the fluorescence is proportionally reflecting the Δψ m level. The ratio between 530 nm and 590 nm emission manifest the fettle of Δψ m [30] . The apoptotic C28/I2 cells were induced by TNF-α and treated with 400, 800 and 1600 U/ml as described in the early section. Some 1 X 10 6 treated chondrocytes were trypsinized and resuspended in 2 ml of JC-1 staining solution (100 µl of C2006-1 was mixed with 16 ml of H 2 O and 4 ml of C2006-3), then incubated at 37 o C with 5% CO 2 for 30 min. Cells were harvested and washed with 2 ml of 1 X JC-1 solution twice before resuspended in 2 ml of 1 X PBS for fluorescent detection using a fluorospectrophotometer, the GloMax Multi Detection System (Promega) using their Fluorescence Optical Kits with excitation at 490 nm and emission at 510 -570 nm for monomers (green), and excitation at 525 nm and emission at 580-640 nm for aggregates (red) as instructed by the manufacturer. The ratio of red to green fluorescence in JC-1 stained cells was used for defining changes of Δψ m .
Examination of CAT effect on apoptotic features in TNF-α-treated C28/I2 chondrocytes by acridine
orange staining C28/I2 chondrocytes were prepared as in "C28/I2 chondrocytes cultured in monolayer" and incubated at 37 o C with 5% CO 2 in 25-cm 2 Nunc TM EasYFlask TM (Thermo Scientific). About 2 X 10 4 cells were applied onto a poly-L-Lysine (P4832, Sigma)-coated microscope cover glass (φ18 mm, CITOGLAS, Jiangsu, China) in wells of 12-well plate containing DMEM-F12 with 10% FBS and cultured in 5% CO 2 for 4 h, then cultured cells were treated with 800 U/ml CAT (Beyotime) in the presence of TNF-α (20 ng/ml) for 24 h. The cells were harvested and fixed with 4.0% paraformaldehyde on coverslip. The cells were washed and stained for 10 min using 0.01% acridine orange (A9231, Sigma) solution to specifically generate green emission for double-stranded nuclei acids (DNA) and orange-red for single stranded nuclei acids and aggregates in acidic microenvironment. Images of stained cells were viewed and captured using confocal laser scanning microscopy (CLSM, Zeiss LSM 510 META System) and compared to untreated cells. (Thermo Scientific) in a total volume of 10 ml of DMEM-F12 medium complemented with 5% FBS for each controls and treatments of 20 ng/ml TNF-α and 400, 800 and 1600 U/ml CAT respectively for 24 h. The cells were harvested in TRIzol reagent (Invitrogen, Guangzhou, China) for total RNA isolation or stored at -80 o C for later use. Total RNA samples were purified by following the manufacturer's instruction and quantified using NanoDrop ND-1000 v3.3.0 (Thermo Fisher Scientific, Wilmington, DE, USA) with quality checked by gel electrophoresis. Using 1.0 µg of total RNA for reverse transcription by the PrimeScript ® RT Master Mix (TaKaRa, Shiga, Japan) and the transcripts were quantitatively measured by real-time RT-PCR using the All-in-One qPCR Mix (GeneCopoeia, Rockville, MD, USA) labeled with SYBR Green I dye, performed in 96-well micro-plates using the following RT-PCR cycle: 95°C for 2 min followed by 40 cycles at 95°C for 5 sec and 60°C for 15 sec. The quantities were normalized against the house-keeping gene of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the same sample. Relative mRNA expression levels were determined using the 2 −Δ(ΔCT) comparative method from the mean of triplicate treatments averaged from 3 replicate PCR reactions. The key factors of TNFR-1, FADD, TRADD, Cas-8, Cas-3 and MMP-13 involved in the extrinsic apoptotic pathway were examined as molecular markers in responses to the treatments of TNF-α and the antioxidant enzyme CAT. The sequences of the primers used for PCR reactions and the amplicons were summarized in Table 1 .
Western blot assay for caspases C28/I2 cells were treated exactly as for qRT-PCR. Chondrocytes were washed with 4 o C pre-cooled 0.01M PBS (pH 7.2-7.3) by gentle agitation for 3 times and resuspended in RIPA Lysis and Extraction Buffer (Thermo Scientific), containing 25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS with 1 mM PMSF. Cells were lysed by incubation on ice for 30 min with occasional flicks followed by sonication using Sonics Vibra Cell TM (Sonics & Materials Inc., Newtown, CT, USA) for 25 sec (5 times of sonication for 5 sec and stand on ice for 10 sec). The lysates were transferred to 1.5 ml Eppendorf tube and centrifuged at 14, 000 X g for 5 min at 4 o C. The supernatant was collected as a total protein sample for further analysis or stored at -20 o C. Total proteins from each cell lysate were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred onto polyvinylidene difluoride (PVDF) membranes (88520, Pierce Biotechnology, Rockford, IL, USA) by Western blotting. Membranes were blocked for 1 h at room temperature in Tris-buffered saline with 0.01 % Tween-20 (TBS-T) in 5% skim milk powder solution, pH 7.4. The 1:250 diluted primary antibodies of rabbit Anti-CASP3 (p17) Antibody (BA2885-2, Boster, Wuhan, China) and rabbit polyclonal antibody against human β-Actin (β-Actin (N-21), Santa Cruz Biotechnologies, Santa Cruz, CA, USA) were applied to the membranes respectively and incubated at 4 o C overnight. The membranes were then incubated with 1:3000 diluted secondary antibody, the goat antirabbit IgG-HRP (Santa Cruz). The Caspase-8 (1C12) Mouse mAb (#9746, Cell Signaling Technology, Danvers, MA, USA) was 1:750 diluted and applied to the membrane as for Cas-3, then incubated with the secondary antibody Goat Anti-Mouse IgG (g-chain specific) peroxidase conjugate (BA1050, Boster). 
Results
Effect of CAT on viability of human C28/I2 chondrocytes cultured in monolayer
The revived human immortalized cell line C28/I2 chondrocytes were cultured for passaging in the recommended medium in the conditions of 37 o C, 5% CO 2 and become ≥ 80% confluence in 2-3 days. Most of the adherent cells appeared in clear healthy polygonal shapes with some of spindle-shaped and dividing cells (data not shown). Nine groups of C28/I2 cells were incubated in the medium containing 0 (control) and various dilutions of human CAT for 24 h and assayed by MTS (Fig. 1) . The result showed an increased cell viability by CAT treatment at three doses of 800, 1200 and 1600 U/ml of the range with some statistical significance and was useful for selection of CAT doses for further investigations. Lower and higher concentrations of CAT showed no effect on cell viability at all as compared to untreated cells. Fig. 1 . Characterization of CAT effect on viability of C28/ I2 chondrocytes cultured in monolayer. Viability of C28/I2 chondrocytes treated by a series diluted CAT in monolayer culture for 24 h and assayed by MTS. The cellular viability was generally maintained unchanged by increasing dosages of CAT. A statistically significant increment in cell viability was noted at dosage levels of 800 and 1200 U/ml (**), becoming weaker at the concentration of 1600 U/ml (*). * P<0.05; ** P<0.01. 
Apoptosis of C28/I2 chondrocytes induced by TNF-α
The apoptosis of C28/I2 chondrocytes induced by 3 concentrations of TNF-α for 24 h. The induction of apoptosis was evaluated using Annexin V-FITC/PI double labeling assay by FCM ( Fig. 2A) , which is a representative plot of cell sorting showing apoptosis induced by the cytokine. The quantitative comparison of apoptotic cells in chondrocytes treated with 0 (control), 10, 20 and 30 ng/ml of TNF-α exhibited a dose-dependent induction (Fig.  2B) . Treatment of the chondrocytes with 10 ng/ml of TNF-α significantly induced apoptosis (P<0.05) while the induction was more significantly increased and remained at the same significance levels statistically (P<0.01) when 20 and 30 ng/ml of TNF-α were used, not only confirming the induction of apoptosis in C28/I2 chondrocytes but also suggesting 20 ng/ml of TNF-α suitable for establishing apoptotic cell model in C28/I2 chondrocytes.
CAT reduced the intracellular H 2 O 2 level in C28/I2 chondrocytes
The intracellular H 2 O 2 level in cultured C28/I2 chondrocytes was measured to evaluate the effect of CAT. The production of intracellular H 2 O 2 in chondrocytes cultured for 24 h with 20 ng/ml of TNF-α remained unchanged compared to that in the untreated cells (Fig.  3A) . The intracellular H 2 O 2 level in the cultured cells were highly reduced (P <0.01) by the 3 selected dosages of CAT, including cells treated by 800 U/ml of CAT only. The H 2 O 2 level was decreased to about 30% of the measurements for the untreated and TNF-α-induced groups. (Fig. 3B) . The Δψ m in untreated cells, the cells treated with 800 U/ml of CAT only and 20 ng/ml of TNF-α solely stayed at same level, and the double treatment by 400 U/ml of CAT and 20 ng/ml of TNF-α showed no effect on the level of Δψ m in (Fig. 3B) . The Δψ m of the chondrocytes treated with 20 ng/ml of TNF-α was dramatically enhanced by 800 U/ml of CAT, which doubled the capacity (Fig. 3B) of Δψ m in the cells of untreated control, CAT treated only and 20 ng/ml of TNF-α combined with 400 U/ml of CAT. The cellular Δψ m in the cultured chondrocytes in the presence of TNF-α was further enhanced by a higher dose of CAT (1600 U/ml), exhibited an increment Fig. 4 . Effects of TNF-α and CAT on apoptosis of C28/I2 chondrocytes cultured in monolayer. C28/I2 cells were treated with 3 selected concentrations (400, 800 and 1600 U/ml) of CAT in the presence of 20 ng/ ml TNF-α in culture for 24 h. 800 U/ml of CAT was also tested in the absence of TNF-α. (A) Flow cytometry analysis of apoptosis using Annexin V/PI staining. (B) Plotting of apoptotic chondrocytes of different treatments of CAT only or combinations of each 3 diluted CAT and TNF-α, against untreated cells. The involvement of CAT only in the culture medium did not affect the cell growth while the TNF-α significantly (**) increased the cell apoptosis, which is about 3 times of that in untreated cells. All 3 selected concentrations of CAT significantly (**) reduced apoptosis in TNF-α-treated cells in a dose-dependent manner although not down to the level of untreated cells. The figure is plotted using results of 3 independent experiments. ** P<0.01. 
Effect of CAT on Δψ
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry of about 2.5 times against the control groups and the 400 U/ml treated group (Fig. 3B) . It appeared that CAT strengthened the cellular Δψ m in the TNF-α-stimulated chondrocytes in monolayer culture in dose-dependent fashion.
Effects of CAT on the TNF-α-induced apoptosis of C28/I2 chondrocytes
Apoptotic C28/I2 chondrocytes were induced using 20 ng/ml of TNF-α as determined in the establishment of cell model in monolayer culture for 24 h, and the cells were evaluated by flow cytometry as in "Apoptosis of C28/I2 chondrocytes induced by TNF-α ". As expected, apoptosis of C28/I2 cells was induced by TNF-α treatment, indicating stabilized conditions of induction (Fig. 4A) , in which the number of apoptotic cells is much greater than those detected in the untreated group. C28/I2 chondrocytes were cultured for 24 h in the presence of 20 ng/ml TNF-α and selected concentrations of CAT. The effect of CAT on TNF-α-induced apoptosis in chondrocytes was also examined by Annexin V-FITC/PI staining and FCM assay. There was no difference in apoptosis between the untreated and CAT (800 U/ml) only treated chondrocytes, which remained at a low level while the TNF-α-induced solely cells had ≈ 3 times of apoptosis as detected in the untreated groups (Fig. 4A) . The TNF-α-induced apoptosis was significantly offset in a dose-dependent fashion by CAT in all 3 selected concentrations as shown in the quantitative plotting of the fluorescent intensities (Fig. 4B) although the attenuation did not restore the apoptotic rate.
Effects of CAT on morphological features of TNF-α-induced apoptotic C28/I2 chondrocytes
The fluorochrome acridine orange differentially stains double-versus single-stranded nucleic acids. It intercalates into double stranded nucleic acids (DNA) to fluoresce green at 530 nm wavelength and interacts with single-stranded nucleic acids (mainly RNA) Fig. 6 . qRT-PCR analysis of expression regulation of genes involved in cell death cascade and degeneration: TNFR-1 (A), FADD (B), TRADD (C), Cas-8 (D), Cas-3 (E) and MMP-13 (F). All these genes were highly upregulated (**) by TNF-α, which were counteracted by CAT in a dose-dependent manner in the chondrocytes cultured in monolayer while the treatment of 800 U/ml CAT only showed no regulatory effect compared to untreated control cells. CAT highly down-regulated the TNF-α-upregulated Cas-8 expression with the most effective concentration of 800 U/ml, halved the TNF-α-stimulated Cas-8 expression (D), followed by a reduction of Cas-3 in a similar fashion (E). It is noteworthy that the expression of "dead" mediator of TRADD (C) and the "cartilaginous" degenerative enzyme MMP-13 (F) was massively elevated by TNF-α, about 6 times and 12 times of their respective controls and were offset by all 3 selected doses of CAT. The figure is summarized from results of 3 independent experiments. ** P<0.01.
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to generate condensation and agglomeration of the dye that emit orange-red at 640 nm. Apoptotic cells show loss of cell volume [31] , blebbing of plasma membrane, condensed chromatin around nucleus or condensed entire nucleus [32] , with activated lysosomes and degenerating organelles, which acidify the intracellular compartments [33] resulting in morphological changes that can be revealed by differential staining of acridine orange [34] . The control chondrocytes showed normal oval-shaped nuclei with evenly stained doublestranded DNA in green ( Fig. 5A ) and nuclear RNA in red (Fig. 5B ) highly integrated as shown in the merged image under CLSM (Fig. 5C ). The chondrocytes treated with TNF-α showed apoptotic features of the condensed chromatin/nuclei with fragmentation ( Fig. 5D ) and irregular nuclear RNA staining with acidified compartments around the nuclei (Fig. 5E) , and further displayed yellowish staining of early apoptotic nuclei (Fig. 5F ). The effects of TNF-α on the chondrocytes were largely attenuated by the treatment of 800 U/ml of CAT (Fig. 5G , 5H and 5I).
Effects of CAT on the expression of key death mediators activated by TNF-α in C28/I2 chondrocytes
The expression of genes coding for the inflammatory cytokine TNF-α, its receptor TNFR-1 and associated dead mediators of TRADD and FADD, the apoptotic enzymes of Cas-8 and Cas-3, and the matrix degrading enzyme MMP-13, were examined using qRT-PCR. Compared to the untreated cells, the expression of these genes was highly up-regulated (P <0.01) in the C28/I2 chondrocytes cultured in monolayer by TNF-α (20 ng/ml) while either up-or down-regulated (P >0.05) by CAT (800 U/ml) treatment only at level of untreated cells (Fig.  6) . The highly up-regulated expression of these marker genes in TNF-α-treated groups was dosage-effectively downregulated by CAT of 3 selected doses, some of which were attenuated to the levels of untreated controls and the rests were offset further lesser than untreated cells (Fig. 6) , such as TNFR-1 (Fig. 6A), FADD (Fig. 6B ), Cas-3 ( Fig. 6D and MMP-13 (Fig. 6F) . The concentration of 800 U/ml CAT was efficient and, in some cases, are more effective in diminishing the TNF-α stimulation. It is noteworthy that TRADD and MMP-13 were most effectively stimulated genes by TNF-α, which were massively elevated, about 6 times Fig.  6C ) and 12 times (Fig. 6F ) of their untreated control cells respectively and counteracted to untreated expression levels by all three selected doses of CAT. 
In the given culturing conditions, CAT only treatment (800 U/ml) had a little effect on protein level of both Cas-8 and Cas-3 but TNF-α only treatment highly upregulated (**) the level of these apoptotic enzymes. TNF-α treatment increased as almost 4 times much (**) as that of Cas-8 (A) in untreated cells, and the Cas-3 protein level was also highly (**) elevated (B) by the apoptosis-inducing cytokine. These effects of TNF-α on chondrocytes were attenuated by all 3 doses of CAT in dose-effective fashion with further offsetting more than the level of untreated cells for the executional apoptotic enzyme Cas-3 (B). The figure represents results of 3 independent experiments. * P<0.05; ** P<0.01.
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Effects of CAT on protein level of caspases activated by TNF-α in C28/I2 chondrocytes
To determine the expression of apoptotic proteases in the death pathway at the posttranscriptional level, the key effector of Cas-8 and the downstream executor Cas-3 were detected by Western blot analysis using the cytoskeleton protein β-actin as an internal control. In the given culturing conditions, CAT only treatment (800 U/ml) had a little effect on the protein level of both Cas-8 and Cas-3 but TNF-α only treatment highly upregulated (P<0.01) the level of these apoptotic enzymes (Fig. 7) . TNF-α treatment increased as almost 4 times much (P<0.01) as that of Cas-8 in untreated cells (Fig. 7A) , and the Cas-3 protein level was also highly (P<0.01) elevated by the apoptosis-inducing cytokine (Fig. 7B) . These effects of TNF-α on chondrocytes were attenuated by all 3 doses of CAT in dose-effective fashion with further offsetting more than the level of untreated cells for the executional apoptotic enzyme Cas-3 (7B).
Discussion
High viability of chondrocytes is essentially important for cellular functions and readily affected by various factors in vivo and in vitro. Chondrocytes are physiologically distributed in the ECM of cartilage [2, 3, 35] , sense the stimulatory signals in milieu through their interaction with ECM and respond by secretions to govern the biological processes of physiologic remodeling and reparative regeneration in pathologic conditions [5, 6] . Chondrocytes are vulnerable to damages caused by mechanical factors and biochemical stimuli in vivo [12, 36, 37] and changes in microenvironmental conditions in vitro [38] [39] [40] , which induce cell death and phenotypic alteration. Maintaining the chondrocytic viability and function, and preventing the cells from apoptosis would be superbly important for cartilage regeneration essential for damage repair and for cell-based therapies, such as ACI [2, 41] , which require large number of functional chondrocytes. One of the most critical effectors of chondrocyte growth and function is H 2 O 2 , a relatively stable product of antioxidant scavenging system from endogenous and exogenous oxidative stresses [42] , which makes great impact on the cell fate, e.g. causing inflammation and apoptosis. The antioxidant enzyme CAT specifically participates in the process of converting H 2 O 2 to H 2 O + O 2 , and plays a pivotal role for maintenance of redox homeostasis [43] . Amongst immortalized human chondrocyte cell lines, C28/I2 chondrocytes exhibit highest level of matrix metabolic genes, which makes them a preferable choice for study of metabolic activity and modulation [44] . In this study, the effect of CAT on the apoptosis was investigated using TNF-α-treated cell model of C28/ I2 chondrocytes.
CAT scavenged intracellular ROS generated by the culture system and enhanced cellular Δψ m while TNF-α induced apoptotic features in C28/I2 chondrocytes cultured in monolayer. The cultured C28/I2 cells were morphologically healthy and the viability of those cells cultured for 24 h, as shown by MTS assays, in the presence of 3 concentrations of CAT [800, 1200 (P<0.01) and 1600 (P<0.05) U/ml in the serial dilution range] with a notable significance (Fig. 1) , which was used to assist with the selection of CAT dosages for further experiments. However, these "statistically significant" variations of the cell viability were proportionally too small compared to their full magnitude for each group (≈ 4% of the value for the most variable ones) to be biological meaningful. Therefore, CAT by itself was not considered to be effective on cell viability in chondrocytes cultured in monolayer. Furthermore, 800 U/ml CAT showed no effects on cellular Δψ m (Fig. 3B) , apoptosis (Fig. 4) , the expression of most of the key apoptotic genes (Fig. 6 ), including TNFR-1 (Fig. 6A), TRADD (Fig. 6C ), Cas-3 ( Fig. 6D ) and MMP-13 ( Fig. 6F) with variables (P>0.05) observed for FADD (Fig. 6B) and Cas-8 (Fig. 6E) . Western blot analysis also revealed unchanged Cas-8 ( Fig. 7A ) and Cas-3 (Fig. 7B) proteins by CAT. On the contrary, TNF-α exerted its effects on the metabolism of C28/I2 chondrocytes cultured in monolayer, increased apoptosis by 3 doses in a dose-dependent manner (Fig.  2) , which generated a stable apoptotic cell model for clarifying the therapeutic effect of CAT in the study. In human C28/I2 chondrocytes cultured in monolayer, TNF-α (20 ng/ml) was found to massively increase the expression of the pro-apoptotic molecular markers at both the transcriptional (Fig. 6) and translational (Fig. 7 ) levels, which attributed to the ultimately increased cell death as detected by FCM (Fig. 4) . Although a significantly increased H 2 O 2 level (P<0.01) was detected in the TNF-α-treated cells compared to the untreated control (Fig. 3A) by a small magnitude (< 4% of the measurements), it would not be biologically significance. TNF-α by itself did not affect the intracellular ROS level and the cellular Δψ m in cultured chondrocytes in vitro (Fig. 3B) .
The CAT treatments overwhelmingly reduced ROS generated in the culture system and rectified the effects of TNF-α stimulation in chondrocytes. It appeared that high level of intracellular ROS was largely generated by the cell culture system rather stimulated by TNF-α, which caused little variations compared to the large magnitude of measurements (Fig. 3A) . The comparatively high level of ROS would be excessive for chondrocytes that normally reside in a physiologically hypoxic condition, and causes damages, especially to mitochondrial function [24, 25] , resulting in reduction of DNA integrity and damage repair and leading to cell death [45, 46] . The mitochondria are a "power station" of the cell, participate in the process of signal transduction and in cellular activities, including sensing the redox homeostasis [20] and producing non-enzymatic and enzymatic antioxidants, but mitochondria are generally devoid of CAT [47] for defending from oxidative stress. In fact, the 3 dosages of CAT provided enough activity in this study capable of scavenging systematic ROS by bringing the intracellular H 2 O 2 to a significant low level of < 1/3 of that in untreated control cells (Fig. 3A) , regardless of TNF-α treatments. The 3 dosages of CAT, in conjunction with TNF-α, also enhanced cellular Δψ m in a dose-dependent manner in the cultured chondrocytes (Fig. 3B ) since the Δψ m were maintained similar levels in chondrocytes of untreated, treated with 800 U/ml CAT only, treated with 20 ng/ml TNF-α only and treated with combination of 400 U/ml CAT and 20 ng/ml TNF-α, but were strengthened by treatments of higher doses of CAT in the TNF-α-treated groups (Fig. 3B) . The increased cellular Δψ m in 800 and 1600 U/ml CAT-treated groups were respectively ≈ 2 times and > 2.5 times of that detected in control cells. These effects collectively ameliorated morphological features at cellular level (Fig. 5) , down-regulated expression of genes involved in extrinsic apoptosis pathway at transcriptional level (Fig. 6 ) and protein level (Fig. 7) in a dosage effective fashion, eventually resulted in a reduced apoptosis (Fig. 4) . CAT scavenged intracellular ROS in chondrocytes exposed to a more oxidative culturing system compared to the hypoxic microenvironment in vivo, regardless of the presence of stimuli such as TNF-α, and enhanced cellular Δψ m with a dosage effective fashion in the presence of TNF-α. It would be of great scientific interest to elucidate the effect of CAT doses > 1600 U/ml on the cultured chondrocytes with the expectation of a higher level of enhanced Δψ m to promote cellular viability. Further, a future investigation on the effect of superoxide dismutases (SODs) in conjunction with CAT would certainly enrich our understanding and contribute to the enhancement of viability by wholly redox balancing, since SODs catalyze dismutation of superoxide (O 2 − ) into oxygen and H 2 O 2 that are readily cleaned by CAT [22, 23] .
The anti-apoptotic effects of CAT on chondrocytes, along with the mechanisms, are intriguingly important not only for the maintenance of cell viability essential for in vivo cartilage regeneration in cases of physiologic remodeling and pathologic repairing, but also for obtaining large number of chondrocytes cultured ex vivo required for cell-based therapeutic approaches by tissue engineering. Accumulated evidence demonstrated that passaged chondrocytes change their metabolic behavior, especially altering their gene expression profiles and dedifferentiating to fibroblastic status of decreased collagen type II and aggrecan, and increased collagen type I [48, 49] . Since activities of cells in culture are largely under the influence of media and complemented bioactive agents, the differentiation phenotype of in vitro expanded chondrocytes can be achieved experimentally [34, 50] . However, attempts were made in this study to investigate the effect of CAT on the dedifferentiation markers of the cultured C28/I2 cells, which could not be resolved (data not shown) because the chondrocytes reportedly are deprived of expression of genes involved in matrix synthesis and turnover, including collagen type I and II, and aggrecan, in the process Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry of immortalization favoring proliferation and cycling [44] . The ability of CAT in maintaining differentiation phenotype of chondrocytes is of scientific significance, particularly as a potential therapeutic agent for cartilage regeneration, which remain to be studied using appropriate cells.
CAT prevented TNF-α-induced apoptosis of C28/I2 chondrocytes through, at least in part, interfering TNF/TNFR mediated extrinsic apoptosis pathway. Cell apoptosis is evoked by multiple pathways but mainly the intrinsic and extrinsic signaling cascades, both of which result in activation of executor caspases through the initiator caspase Cas-8 [51] . The association of TNF-α with TNFR [12] on the cell surface recruits TRADD, FADD to form the cytosolic platform of DISC as a ligand-dependent transmembrane signaling receptor [52] that initiates inflammation [16] and apoptosis cascade [17, 18] . DISC provokes the Cas-8 to activate Cas-3, which sabotages a range of cytoplasmic proteins and dismantles chromatin and nucleoplasmic proteins in the nucleus, eventually resulting in apoptosis. The TNF-α was chosen to induce apoptotic C28/I2 cells in this study since it has been showed similar or synergistic effects of IL-1β [53] and elevated by IL-1β-treated cells [15] with higher efficacy to activate caspases by a different mechanism in human chondrocytes [54] . This study focused on the effect of CAT on death factors of extrinsic cascade in TNF-α-treated C28/I2 chondrocytes.
The expression level of genes encoding the key dead factors/mediators of TNFR-1, FADD, TRADD, Cas-8 and Cas-3, and MMP-13, a matrix-degrading enzyme with predominant action on type II collagen [55] , from the extrinsic apoptosis pathway, and the protein level of the key caspases of Cas-8 and Cas-3 were all increased in the TNF-α-treated C28/I2 chondrocytes cultured in monolayer (Fig. 6 & 7) . These expressions were largely not affected by CAT (800 U/ml) only treatments. CAT counteracted the TNF-α-stimulated expression of these genes, some of which were restored to the level of control cells while others were even further reduced (Fig. 6 ) mostly with dosage effect. The regulatory effect of CAT on induced Cas-8 and Cas-3 was also reflected at the protein level as shown by Western blot (Fig. 7) , in which all 3 selected doses of CAT significantly attenuated the increased Cas-8 and Cas-3 proteins against the TNF-α stimulated groups (Fig. 7) respectively, and further lowered Cas-3 protein than its untreated control (Fig. 7B) . TNF-α significantly increased Cas-8 gene expression (Fig. 6D ) resulted in >3.5 folds' increment of Cas-8 proteins (Fig. 7A ) in treated C28/I2 cells, which would be facilitating the activation of extrinsic pathway. These results indicated that TNF-α was highly provocative to the extrinsic apoptosis cascade, stimulated expression of key factors composing of DISC and the apoptotic enzymes, supporting the caspasedependent nature of TNF-α in induction of cell death [54] . Based on the evidence that CAT counteracted the upregulation of key players of TNF/TNFR mediated death cascade and that CAT ultimately attenuated TNF-α-induced chondrocyte apoptosis, this study supports that CAT inhibits apoptosis in TNF-α-induced chondrocytes through blocking off the death cascade [17] .
However, the determination of cell fate is a complicated cellular and molecular process in the intricate biological networks. High level of activated Cas-8 at DISC provokes executor caspases directly, leading to apoptosis by the extrinsic pathway, but relatively low level of activated Cas-8 could activate executor caspases through intrinsic pathway by permeabilized mitochondria with the assistance of pro-apoptotic proteins of Bcl-2 family [18] , which is also regulated by small non-coding RNA molecules (miRNAs) [56, 57] . Damages to mitochondria and their functions by factors and resulting products, such as ROS, increase the membrane permeabilization allowing the release of cytochrome c to initiate the formation of apoptosome [52] , which, in turn, activate caspases, leading to cell apoptosis. As evidenced in this study, CAT massively reduced the intracellular H 2 O 2 in chondrocytes grown in the culturing system (Fig. 3A) and effectively increased Δψ m in TNF-α-treated chondrocytes (Fig. 3B) , it would enhance the mitochondrial function and inhibit cell apoptosis, ultimately resulting in promoted cell viability. These results implicated the high level of insisting oxidative stress for chondrocytes in the culture system regardless of additional stimuli. The oxidative stress Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry would probably activate other "death" signals, including the intrinsic death cascade, which is to be investigated along with the protective actions of the antioxidant enzyme CAT.
Conclusion
In conclusion, CAT effectively reduced intracellular ROS raised by the cell culture system, attenuated adverse effects of TNF-α on cultured chondrocytes to enhance the cellular Δψ m dependently, strengthen cellular features, rectify upregulated factors/mediators of extrinsic pathway of cell death and apoptotic caspases. These actions of CAT ultimately result in reduced cell apoptosis and promote the antioxidant as a potential anti-apoptotic agent in promoting cell viability, particularly for obtaining large number of viable chondrocytes in culture ex vivo essential to cell-based therapies of cartilage repair by tissue engineering.
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